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Abstract - Data obtained from Sm-Nd and Rb-Sr isotopic measurements of lunar 15
highlands samples are renormalized to common standard values and then used to define 16
ages with a common isochron regression algorithm.  The reliability of these ages is17
evaluated using 5 criteria that include whether: (1) the ages are defined by multiple 18
isotopic systems, (2) the data demonstrate limited scatter outside uncertainty, (3) initial 19
isotopic compositions are consistent with the petrogenesis of the samples, (4) the ages are20
defined by an isotopic system that is resistant to disturbance, and (5) the rare earth 21
element abundances determined by isotope dilution of bulk of mineral fractions match 22
those measured by in situ analyses.  From this analysis it is apparent that the oldest 23
highlands rock ages are some of the least reliable, and that there is little support crustal 24
ages older than ~4.40 Ga.  A model age for ur-KREEP formation calculated using the 25
most reliable Mg-suite Sm-Nd isotopic systematics, in conjunction with Sm-Nd analyses 26
of KREEP-basalts, is 4389±45 Ma.  This age is a good match to the Lu-Hf model age of 27
4353±37 Ma determined using a subset of this sample suite, the average model age of 28
4353±25 Ma determined on mare basalts with the 146Sm-142Nd isotopic system, with a 29
peak in Pb-Pb ages observed in lunar zircons of ~4340±20 Ma, and the oldest terrestrial 30
zircon age of 4374±6 Ma.  The preponderance of ages between 4.34 and 4.37 Ga reflect 31
either primordial solidification of a lunar magma ocean or a widespread secondary 32
magmatic event on the lunar nearside.  The first scenario is not consistent with the oldest 33
ages reported for lunar zircons, whereas the second scenario does not account for 34
concordance between ages of crustal rocks and mantle reservoirs.35
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INTRODUCTION46

47

Dynamical studies of the origin of the Moon suggest that it formed from the 48

accretion of material ejected from the collision between a Mars-sized body and the early 49

Earth in an event known as the Giant Impact (Hartmann and Davis, 1975; Boss and 50

Peale, 1986).  Although this theory is fairly well established, the timing of the impact 51

event remains poorly constrained.  The most direct approach to determining the age of 52

the impact event is to measure the age of the oldest rocks present in the Earth-Moon 53

system.  Because geologic activity on Earth has destroyed the primary crustal rocks, the 54

search for the most ancient samples has turned to the Moon.  However, one of the 55

challenging aspects of determining the age of the Moon through chronologic 56

determinations of the oldest samples is identifying the earliest crustal rocks and 57

distinguishing them from rocks produced by subsequent magmatic events.58

A great success of the Apollo program was the development of a relatively simple 59

petrogenetic scenario for the primordial differentiation of the Moon known as the lunar 60

magma ocean model (e.g., Wood, 1970; Smith et al., 1970) that provided such a 61

distinction.  In the magma ocean model of lunar differentiation, the Moon accreted after 62

the Giant Impact as a partially (Solomon, 1986) or completely molten body (Binder, 63

1986; Pritchard and Stevenson, 2000). As the Moon solidified, the initial cumulates were 64

dominated by the relatively dense minerals olivine and pyroxene (e.g., Snyder et al., 65

1992).  Plagioclase cumulates that crystallized later in the differentiation sequence had 66

low Mg/(Mg+Fe), were less dense than their parental magmas, and consequently floated67

forming the rocks of the ferroan anorthosite (FAN) crustal suite.  The last material to 68

form during primordial solidification of the Moon had high abundances of incompatible 69

elements that were not partitioned into the previously formed cumulates.  This material is 70

known as ur-KREEP (Warren and Wasson, 1979; Warren et al., 1981) because it has high 71

abundances of potassium (K), rare-earth elements (REE), and phosphorous (P).  72

Magnesium-rich mid- to lower-crustal plutonic rocks with ur-KREEP geochemical 73

signatures, found predominantly at the Apollo 17 site, were thought to represent a later 74

period of Mg-suite magmatism that occurred after the formation of the anorthositic crust 75

and ur-KREEP (Shearer et al., 2006).  Thus, the lunar magma ocean model suggested that 76
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age determinations of FANs would directly date magma ocean solidification, whereas 77

ages on Mg-suite rocks would provide a minimum age of this differentiation event.78

This relatively simple petrologic model for the Moon was developed exclusively 79

from samples collected on the lunar nearside during the Apollo and Luna missions and 80

from remote sensing data collected in the 1970s.  Subsequent investigations paint a 81

significantly more complicated picture of lunar differentiation and evolution.  For 82

example, although the lunar highlands are dominated by feldspathic rocks, they do not 83

appear to be exclusively ferroan in composition (Ohtake et al., 2012).  In fact, studies of 84

lunar meteorites demonstrate that anorthosites with high Mg/(Mg+Fe) are abundance in 85

the lunar surface (Arai et al., 2006; Gross et al., 2014; Joy and Arai, 2013; Korotev, 2005; 86

Korotev et al., 2003, Takeda et al., 2006).  Although many of the Mg-anorthosites are 87

recrystallized polymict clastic breccias (granulites), some appear to be primary igneous 88

lithologies.  The Mg-anorthosites with igneous textures have been argued to represent89

more primitive members of the anorthosite rock suite requiring a revision of the classic 90

magma ocean differentiation trend (Takeda et al., 2006).  Production of FANs by partial 91

melting of plagioclase-rich cumulates has even been suggested (Longhi, 2003), implying 92

that FANs may not necessarily represent primordial crust formed during solidification of 93

a magma ocean.  Likewise, magnesium-rich plutonic rocks, once thought be ubiquitous in 94

the crust, are largely absent in meteorites samples and not widespread on the surface 95

(Jolliff et al., 2000; Korotev, 2005; Korotev et al., 2003, 2009; Wieczorek and Phillips, 96

2000; Wieczorek et al., 2006) making it difficult to evaluate whether they represent 97

widespread plutonic magmatism that was initiated after magma ocean solidification or 98

were associated with limited magmatic activity exclusively on the lunar nearside.99

Chronologic investigations have not clarified the petrogenisis of the FANs and 100

Mg-suite, but instead have served to confirm the geologic complexity of the lunar crust.  101

Ages determined on FANs range from 4.29 to 4.57 Ga implying that either the lunar 102

magma ocean cooled over an extended duration of ~300 Ma, or that not all FANs are 103

cumulates of the magma ocean (Borg et al., 1999).  Several FANs are younger than ages 104

reported for some Mg-suite rocks (Figure 1) consistent with formation of FANs outside 105

the context of the magma ocean (Shih et al., 1993; Borg et al., 1999).  In fact, some of the 106

oldest ages determined on lunar rocks are from samples of the Mg-suite which are not 107
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considered to be primordial magma ocean products (Shearer et al., 2005).  Thus, the ages 108

determined on lunar crustal rocks provide little support for the classic lunar magma ocean109

model of lunar differentiation, and clearly cannot be used to directly constrain the age of 110

the Moon.  However, it is important to note that age determinations of the oldest lunar 111

samples have proven to be extremely challenging because all terrestrial bodies, including 112

the Moon, experienced significant meteorite bombardment after their formation that 113

destroyed many of the oldest surface samples and disturbed the isotopic systematics of 114

the remaining material.  Therefore, the apparent large range of FAN ages, as well as115

apparent overlap between ages of FANs and Mg-suite rocks, could simply arise from the 116

inability to accurately determine ages on ancient rocks that have experienced complex, 117

and often intense, post crystallization metamorphic histories.118

Reanalyzing all of the lunar samples for which ages have been obtained over the 119

last 40 years using modern state-of-the art-techniques is not feasible because of the 120

amount of labor involved as well as the limited availability of many of these samples.  121

Furthermore, there is no a priori reason to expect more modern age determinations to 122

always be more accurate than the ages determined previously given the heterogeneous 123

nature of isotopic disturbances in lunar samples.  The goal of this investigation, therefore,124

is to better constrain the temporal relationships of crustal rocks by identifying the most 125

reliable crystallization ages.  In this context, the crystallization ages are compared to 126

model ages of lunar differentiation, as well as to ages determined from “detrital” zircons 127

found in lunar breccias in order to determine if a common age for lunar crust formation 128

and differentiation can be derived from the published literature.  129

130

131
ISOCHRON AGES OF HIGHLANDS SAMPLES132

133

The most common isotopic systems used to date the crystallization of highlands 134

rocks are Rb-Sr, Sm-Nd, and Pb-Pb.  Chronologic investigations in the first decade after 135

the Apollo missions also utilized U-Pb concordia diagrams to obtain crystallization ages.  136

However, this method has become less common in recent chronologic studies as a result 137

of the complex disturbances to U-Pb isotope systematics in lunar rocks.  Chronologic 138

investigations of highlands rocks that were undertaken soon after the first samples were 139
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returned from the Moon commonly showed that their isotopic systematics were disturbed.  140

These disturbances were evident when isotopic data were plotted on isochron diagrams, 141

and individual mineral or whole rock fractions from single samples showed greater 142

scatter about a best-fit isochron than can be attributed solely to analytical uncertainty.  It 143

also became apparent that ages produced on the same rocks in different laboratories, or 144

using different isotopic systems, did not agree (e.g., Papanastassiou and Wasserburg, 145

1976; Lugmair et al., 1976).  Specific factors that are likely to be responsible for these 146

observations include: (1) disturbance of the isotopic systematics of lunar samples by 147

secondary processes associated with impacts, (2) the difficulty associated with dating148

mono- or bi-mineralic samples that have low abundances of the parent and daughter 149

isotopes, and (3) inter-laboratory differences in standardization, measurement techniques,150

and age calculations.  In the following sections, mechanisms that disturb the isotopic 151

systematics of lunar samples are examined and criteria are developed that allow the most 152

reliable ages to be identified.153

154

Isotopic disturbance by impact metamorphism155

156

Isotopic disturbances in lunar highlands samples have been well documented, and 157

for the most part, have been attributed to late bombardment of the lunar surface resulting 158

in widespread thermal metamorphism of the crust (Tera et al., 1974; Nyquist, 1977).  159

Impact metamorphism was most intense in early lunar history prior to ~3.8 Ga (e.g. 160

Nyquist and Shih, 1992), and consequently is a significant impediment to obtaining ages 161

on the oldest crustal rocks from the highlands.  Impact processes can disturb isotopic 162

systematics by heating the samples and causing redistribution of parent and daughter 163

isotopes, as well as by introducing foreign contaminants in the form of minerals, rock 164

fragments, or impact melts.  165

Understanding the effects of impact metamorphism is complicated by the fact that 166

each isotopic system responds differently to secondary disturbances based on the 167

chemical behavior of the parent and daughter elements, and their distribution in the 168

sample and contaminant.  For example, one isotopic system may be completely reset by 169

thermal metamorphism, and therefore record the age of the metamorphic event, whereas 170
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another chronometer applied to the same minerals may be completely unaffected by 171

metamorphism and instead record a crystallization age.  The diffusion of Rb, Sr, U, Pb, 172

Sm, and Nd in silicate minerals under typical conditions of thermal metamorphism173

associated with impacts is slow enough that fully resetting these systems in the absence 174

of complete melting is unlikely.  Instead, thermal metamorphism tends to disturb the175

isotopic systematics of samples resulting in scatter on isochron diagrams (e.g., Borg et 176

al., 1999; Gaffney et al., 2011).  Experimental investigations of shocked and heated lunar 177

samples demonstrate that the Sm-Nd chronometer is the least affected during 178

metamorphism and is therefore the most reliable recorder of igneous events in samples 179

that experienced post-crystallization heating (Gaffney et al., 2011).  As a consequence, 180

this chronometer is most commonly used to determine the ages of highlands samples.  In 181

contrast, the Rb-Sr and U-Pb isotopic systems are more easily disturbed.  This stems, in 182

part, from the greater volatility, and hence mobility, of Rb and Pb compared to Sr, U, and 183

REE during heating.  As a result, Rb-Sr and U-Pb crystallization ages are often obtained 184

by including only those mineral and whole rock fractions in the isochron regression that 185

are thought to have remained undisturbed.  This is a subjective process, however, and can 186

lead to derivation of significantly different ages from the same data sets (e.g. Premo and 187

Tatsumoto, 1992; Borg et al., 1999; Hana and Tilton, 1987; Borg et al., 2011).188

Contamination of mineral separates used to define isochrons by extraneous 189

minerals can affect isotopic age determinations of clast samples separated from matrix 190

material.  Samples from the Moon are particularly susceptible to this type of disturbance 191

because the Moon is a relatively small water-poor body, and consequently crystallizes 192

only a limited number of phases.  As a result, isochron systematics are often dominated 193

by the abundances of a single phase in the mineral fractions, such as plagioclase in the 194

Rb-Sr system, or phosphate in the Sm-Nd system.  Addition of small amounts of 195

extraneous minerals to individual mineral fractions will cause systematic shifts in their 196

isotopic compositions that result in erroneous age determinations.  In fact, such linear 197

mixing arrays on isochron diagrams are predicted if a single phase containing a high 198

abundance of the daughter isotopes is distributed proportionally into the various mineral 199

fractions (Shearer et al., 2012).  The problem is exacerbated by the fact that the 200

extraneous mineral phases usually have mineralogical characteristics that are similar to 201



7

the indigenous minerals, and are therefore very difficult to detect.  The clearest 202

manifestation of such mixing lines are initial isotopic compositions derived from the 203

isochrons that are not consistent with the petrogenesis inferred for the sample from 204

mineral and whole rock chemistry (Shearer et al., 2012).205

206

Inter-laboratory analytical differences207

208

Although the Sm-Nd isotopic system is the most difficult to disturb by 209

metamorphic processes (Gaffney et al., 2011), replicate Sm-Nd measurements completed 210

by different laboratories on the same samples are often discordant.  For example, ranges 211

of Sm-Nd ages determined on troctolite 76535 are 4.25 to 4.44 Ga (Lugmair et al., 1976; 212

Premo and Tatsumoto, 1992; Nyquist et al., 2012), on norite 78236/8 are 4.33 to 4.44 Ga 213

(Carlson and Lugmair, 1981a; Nyquist et al., 1981; 2008; Edmunson et al., 2009) and 214

FAN 60025 are 4.36 to 4.44 Ga (Carlson and Lugmair, 1988; Borg et al., 2011).  The 215

Sm-Nd ages reported on these rocks differ outside the reported analytical uncertainty, 216

underscoring the inability of error calculations to define the accuracy of individual ages.  217

This is because age uncertainties are based on the degree to which individual data points 218

lie near the regressed isochron.  An uncertainty calculated in this manner is a good 219

reflection of disturbance of the isotopic systematics by metamorphic events or analytical 220

issues associated with single analyses (i.e. poor isotope ratio measurement).  However, 221

differences in ages reported for single samples by individual laboratories are most likely 222

due to factors other than disturbance of the isochron by metamorphism.  Other factors 223

include: (1) variable purity of the mineral fractions, (2) differences in spike calibration,224

(3) magnitude of laboratory induced contamination (blank), (4) the magnitude of 225

interfering element corrections associated with mass spectrometry measurements, (5) 226

measurement bias indicated by disparate values obtained for isotopic standards, and (6) 227

use of different algorithms to calculate ages from isotopic measurements.  Evaluating the 228

contribution that these factors have on the reported ages is not possible in hindsight.  229

However, isotope ratio measurements can be corrected to common isotopic standard 230

values and ages can be calculated using a common algorithm.231

232
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RELIABILITY OF ISOCHRON AGES233

234

Evaluation of highlands sample ages235

236

The first step in evaluating the reliability of published isochron ages of highlands 237

rocks is to minimize the effects of inter-laboratory analytical bias. To accomplish this238

published lunar isotopic data are normalized to common standard values (NBS-987 239

86Sr/86Sr = 0.710245; LaJolla 143Nd/144Nd = 0.511845).  Ages are then calculated using a 240

single regression algorithm (IsoPlot 4.15), to remove inter-laboratory biases associated 241

with different isochron calculation methods.  Mineral fractions preferred by the authors 242

of each study are used as the basis for the age calculations.  Uncertainty on the ages is 243

calculated using 2 times standard deviations of repeat isotope ratio measurements on 244

standards or 2 times the standard errors reported for the ratio measurements, whichever is 245

higher. Ages are calculated for FANs and Mg-suite rocks using data reported in 246

chronologic investigations and are presented in Table 1.  247

248

Criteria to establish reliability of isochron 249

250

The ages presented in Table 1 are evaluated using a common set of criteria that251

estimate the probability that the ages record the time of crystallization.  The five criteria 252

are discussed below and applied to the published ages in a pass/fail mode.  The first 253

criterion (1) is whether concordant ages have been determined using multiple 254

chronometers.  Two or more concordant ages derived from the same mineral separates 255

using multiple chronometers provides the strongest indication that the measured isotopic 256

systematics record the crystallization age of the sample (e.g., Borg et al., 1997).  257

Unfortunately, few highland samples have yielded such concordant ages either because 258

multiple systems were not applied, or because metamorphism has disturbed some isotopic259

systems.  Additional criteria are therefore necessary to evaluate ages determined using a260

single isotopic system.  There are four additional criteria that are used below to evaluate 261

the reliability of published crystallization ages.  They include: (2) linearity of individual 262

isochrons, (3) resistance of the isotopic system to disruption by impact heating or 263
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contamination, (4) consistency between measured initial isotopic compositions and the 264

inferred petrogenesis of the sample, and (5) reasonableness of parent and daughter265

elemental concentrations of the mineral fractions.   266

An age reliability index is calculated based on the number of criteria the data 267

obtained in an individual age investigation meet.  This index helps to define the relative 268

reliability of an age determination in the context of other highlands rock ages.  This index 269

is not intended to be used to demonstrate that a particular age is incorrect, or that a 270

particular set of ages defines a specific episode of lunar magmatism.  Instead, this index 271

should be used to evaluate how reliable an individual age measurement is likely to be 272

relative to other ages reported in literature.  The reliability index may be particularly 273

useful in cases where multiple age determinations have been made on single samples.274

Isochrons ages defined by a large number of large mineral fractions are preferable 275

to ages based on a few mineral fractions.  This stems from the fact that ages defined by 276

multiple mineral fractions are not as strongly dependent on a potentially erroneous 277

measurement completed on a single mineral fraction.  Despite this benefit, the number of 278

mineral fractions used to obtain an age is not one of the criteria used to evaluate 279

reliability.  This is because the amount of lunar material available for chronologic 280

investigations is limited so that mineral fractions must be small if numerous fractions are 281

produced from a single sample.  Smaller mineral fractions are more susceptible to 282

laboratory contamination, as well as increased analytical uncertainty resulting from283

smaller ion beam intensities. For Sm-Nd analyses completed on lunar samples, the 284

smallest fractions are 1-2 ng in size and require Nd to be run as an oxide on a thermal 285

ionization mass spectrometer.  Neodymium oxide measurements are further susceptible286

to errors associated with interfering element corrections, such as 141Pr18O on 143Nd16O287

and 142Ce18O on 144Nd16O, as well as mass fractionation of oxygen in the instrument.  In 288

contrast, large mineral fractions are usually run as Nd+ metals for long durations on mass 289

spectrometers yielding significantly more precise and reproducible isotope ratio 290

measurements than can be obtained from the analysis of smaller fractions.  Thus, there 291

are pros and cons of analyzing numerous small mineral fractions versus a few large 292

mineral fractions.  Because it is not clear how the reliability of an individual age is 293

related to the number of fractions analyzed, this criteria is not used in this evaluation.294
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295

Criterion 1 – Age determined by multiple chronometers296

Samples that yield concordant ages from multiple isotopic systems almost 297

certainly record a crystallization event, whereas ages determined by single chronometers 298

should be considered more cautiously.  Isotopic disturbances associated with 299

metamorphism or with analytical issues appear to be minimal in cases where concordant 300

ages are determined with multiple chronometers (Edmunson et al., 2009; Borg et al., 301

1997; 2011).  Furthermore, contamination processes that produce linear arrays on 302

isochron diagrams are unlikely to yield concordant ages from multiple isotopic systems.  303

Thus, ages determined using multiple chronometers pass this criterion.304

305

Criterion 2 – Limited scatter on isochron plots306

Isochron ages are calculated from the slopes of regressions fit through data points 307

using formulations originally presented by York (1966) or Williamson (1968).  Linearity 308

of the fractions on the isochron is the basis for calculating the age uncertainty and is 309

traditionally the main criteria by which the reliability of the age is evaluated.  Although 310

this uncertainty does not strictly reflect the accuracy of the age determination (see above), 311

it provides a basis to assess the mobility of parent and daughter isotopes during 312

metamorphism, as well as the ability of individual laboratories to make self-consistent 313

isotopic measurements.  The degree of linearity of the regressed data is evaluated using 314

both the uncertainty associated with the age calculation and the mean square weighted 315

deviation (MSWD) of the regression.  The MSWD reflects the degree to which individual 316

data points fit the calculated regression of the data, taking into account the analytical 317

uncertainties associated with the data.  A good fit of the data to the regression is reflected 318

by MSWDs of ~1, whereas values higher than ~5 are usually deemed to indicate a poor 319

fit.  Very low MSWD are also problematic but suggest an underestimation of analytical 320

uncertainty and do not necessarily imply an incorrect age is defined by the isochron.  In 321

the evaluation of ages presented below, an uncertainty < 85 Ma, or a MSWD < 5 are 322

considered to be evidence that an age is likely to be reliable.323

324

Criterion 3 – Chronometer resists disturbance by thermal metamorphism325
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The third criterion that is used to assess reliability of ages is the resistance of the 326

chronometers used to obtain the age to resetting by heating associated with impact 327

metamorphism and to contamination.  Isotopic systems such as Ar-Ar, Rb-Sr, Pb-Pb, and 328

U-Pb are more easily disturbed than the Sm-Nd isotopic systems and are consequently 329

less likely to represent crystallization ages (e.g., Borg et al., 1999; Gaffney et al., 2011).  330

Therefore, it is reasonable to put more credence in Sm-Nd crystallization ages than on 331

Rb-Sr ages for example.  Although U-Pb and Pb-Pb can record crystallization events in332

impact metamorphosed samples (Edmunson et al., 2009; Borg et al., 2011), mobility of 333

Pb during heating events and contamination by Pb in the sample makes this system less 334

reliable than Sm-Nd.  Thus, ages determined by Sm-Nd meet this criterion, whereas those 335

determined by Rb-Sr, Pb-Pb, and U-Pb do not.  It is important to note, however, that the 336

strongest support for a correct Sm-Nd age are concordant ages determined by other 337

isotopic systems, even those systems that are deemed to be more easily reset by post338

crystallization processes.339

340

Criterion 4 – Initial isotopic compositions are consistent with petrogenesis341

The fourth criterion is the consistency between the initial isotopic composition of 342

the rock and its inferred petrogenesis.  Initial Nd isotopic compositions determined on 343

several FANs and Mg-suite rocks are strongly positive (+1 to +3 epsilon units) ,344

indicating that these rocks are derived from LREE-depleted source regions (Carlson and 345

Lugmair, 1988; Shih et al., 1993; Borg et al., 1999).  Trace element abundances in 346

mineral phases, however, suggest these rocks are derived from moderately to highly 347

LREE-enriched sources (Papike et al., 1994; 1997; Floss et al., 1998).  Such 348

inconsistencies probably reflect either analytical issues, such as inappropriate spike 349

calibrations or interfering element corrections, or physical mixing of contaminants into 350

the dated samples.  351

In order for a highlands sample to meet this criterion, the initial Nd and/or Sr 352

isotopic compositions derived from isochrons must fit the modeled isotopic compositions 353

of their postulated sources.  The composition of the sources is based on compositional 354

constraints derived from lunar petrogenisis investigations by Snyder et al. (1992) and 355

Warren (1988).  Because the incompatible-trace element systematics of FANs indicate 356
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that they are derived from chondritic or slightly LREE-enriched source regions an initial 357

εNd value of 0 is considered appropriate for the FAN source (Snyder et al., 1992). The 358

Mg-suite rocks are derived from a LREE-enriched source similar to ur-KREEP (Warren 359

and Wasson, 1979), so that a two-stage growth history is modeled for the Mg-suite 360

source. Isotopic growth in stage 1 occurs in a chondritic reservoir with 147Sm/144Nd = 361

0.1967 until 4.39 Ga.  This is the average age of ur-KREEP formation calculated by 362

Carlson and Lugmair (1979) and Nyquist and Shih (1992).  Stage 1 is followed by growth 363

in a reservoir similar to ur-KREEP, with 147Sm/144Nd = 0.179 (Warren and Wasson, 364

1979; Warren, 1988) until the present.  Strontium isotopic evolution in the Mg-suite 365

source is also modeled in two stages in which the bulk Moon reservoir has 87Rb/86Sr = 366

0.016 (Ganapathy and Anders, 1974; Borg et al., 1999), and the second reservoir has a 367

87Rb/86Sr = 0.29 that is similar to ur-KRREP.  Isochrons that yield ages and initial 368

isotopic compositions that are within 1.5 times analytical uncertainty of these growth 369

models meet this criterion.370

371

Criterion 5 – Elemental abundances in mineral fractions match in situ 372

measurements373

The final criterion used to assess isochron age reliability is the whether the 374

abundances of parent and daughter isotopes measured in mineral fractions by isotope 375

dilution analysis are consistent with measurements determined by ion microprobe on 376

similar rocks.  Unfortunately, in situ ion microprobe concentrations of Rb and Sr have not 377

been systematically measured for all relevant types of highlands samples for which Rb-Sr 378

isochron ages have been produced.  Thus, this criterion only applies to Sm-Nd analyses.  379

In addition, mafic mineral fractions are difficult to purify because olivine, orthopyroxene, 380

and clinopyroxene have similar magnetic properties, densities, and appearances under the 381

binocular picking microscope.  In contrast, plagioclase is fairly easy to purify using these 382

techniques.  Furthermore all Sm-Nd isochrons of lunar highlands samples incorporate at 383

least one plagioclase fraction so that disturbance of the REE systematics of this fraction 384

provides a clear indication that the Sm-Nd isochron regressed through plagioclase could 385

be disturbed.  In the test for this criterion, Sm and Nd abundances in plagioclase mineral 386

fractions are compared to SIMS data determined on typical FANs, Mg-suite norites, and 387
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Mg-suite troctolites.  Average Sm and Nd abundances reported on FANs (n=22) are 388

0.067±0.025 ppm and 0.27±0.12 ppm (Papike et al., 1997; Floss et al., 1998; 389

uncertainties are 1 standard deviation of the reported data).  The average Sm and Nd 390

abundances reported on norites (n=15) are 1.17±0.32 ppm and 5.38±1.8 ppm, whereas 391

average Sm and Nd for the troctolites (N=20) are 1.81±0.51 ppm and 7.34±1.6 ppm 392

(Papike et al., 1996; Shervais and McGee, 1998).  Isochrons defined by plagioclase 393

mineral separates that have Sm and Nd abundances that are within a factor of two of the 394

average values determined by ion microprobe meet this criterion.395

396

397

RESULTS OF EVALUATION398

399

Table 1 presents the results of this evaluation and includes the recalculated ages, 400

the recalculated initial isotopic compositions, and MSWDs from the isochrons, as well as 401

the concentrations of Sm and Nd measured in the plagioclase mineral fractions.  Isotopic 402

studies involving only U-Pb or Pb-Pb are not included in this analysis because of the 403

subjectivity associated with the selection of points used to define the isochrons.  These 404

data are included only when they are accompanied by Sm-Nd or Rb-Sr data on the same 405

mineral fractions.  In cases where multiple chronometers yield concordant ages, the 406

preferred age of the sample is defined by the weighted average of all concordant ages 407

(bold text in the Table 1).  The number of criteria met, referred to as the reliability index,408

determined for each age investigation is listed in the last column of Table 1.  Those 409

criteria that are not met are identified by italics.  It is important to keep in mind that a low 410

reliability index determined from this evaluation does not necessarily indicate that an 411

individual age is incorrect.  Instead, the reliability index should be thought to reflect the412

relative probability that an age is correct.  Thus, those ages with reliability indices greater 413

than 4/5 have a higher probability of being correct than ages with reliability indices of 414

2/5.415

This evaluation demonstrates that only 4 of the 24 studies evaluated in Table 1 416

meet 5/5 of the reliability criteria.  These include investigations of samples 60025 417

(4360±3 Ma), 78236/8 (4349±19 Ma), 76535 (4306±10 Ma), and 77215 (4386±22 Ma).  418
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Not surprisingly these are some of the most recently determined ages on the largest419

igneous samples collected during the Apollo missions.  The high reliability indices 420

associated with these measurements reflect the development and application of analytical 421

protocols that define ages using multiple chronometers, the use of modern analytical 422

instrumentation, the availability and selection of relatively large samples, and the absence 423

of significant terrestrial contamination that is sometimes present in meteorite samples424

(Borg et al., 2009).  Five of the 24 studies evaluated in Table 1 meet 4/5 of the criteria 425

including investigations completed on samples 60025 (4437±39 Ma), 78236/8 (4436±51 426

Ma), 76535 (4330±64 Ma), 77215 (4369±16 Ma), and 67667 (4176±61 Ma).  Note that 427

four of these samples have been analyzed in multiple investigations and that the reported 428

ages sometimes differ outside analytical uncertainty.  The ages with the highest reliability 429

index are taken to have the highest probability of representing the true crystallization age 430

of the rock (Table 1).  In all cases the older ages have been supplanted by younger ages 431

with higher reliability indices. Some ages with reliability indices of 4/5 are concordant 432

with more recently published measurements with higher reliability indices (e.g., 76565).  433

This indicates that the probability that an age with a reliability index of 4/5 would be 434

reproduced by a future investigation having a higher reliability index of 5/5 is roughly 435

even.436

The age evaluation presented in Table 1 demonstrates that the oldest ages have 437

some of the lowest reliability indices (Figure 2).  There are no samples with ages older 438

than 4.40 Ga that have reliability indices of 4/5 or greater that have not been reanalyzed 439

to yield younger ages with high higher reliability indices.  Several samples with ages 440

older than 4.40 Ga, including FANs Y86032 (4438±34 Ma), 67215 (4408±140 Ma), and 441

67016 (4573±160 Ma) and Mg-suite rocks 76535 (4566±60), 15445 ,17 (4470±70 Ma), 442

15455 ,228 (4545±150 Ma), and 74217 (4528±92 Ma) have reliability indices of 3/5 or 443

lower.  These ages are less likely to record crystallization of the samples than ages with 444

reliability indices of 4/5 or higher.  Thus, this evaluation provides only limited support 445

for crystallization ages of the FAN and Mg-suites that are older than ~4.40 Ga.446

447

448

COMPARISON OF LUNAR CRUSTAL AND MANTLE RESERVOIR AGES449
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450

Model ages451

452

Model ages for magma ocean solidification and mare basalt source formation 453

have both been used to constrain the age of the Moon.  Several investigations have 454

attempted to determine the age of ur-KREEP formation in order to date when the last 455

lunar magma ocean products solidified.  Ur-KREEP Sm-Nd model ages were calculated456

by Carlson and Lungair (1979) and Nyquist and Shih (1992) to be 4.36±0.06 Ga and 457

4.42±0.07 Ga, respectively.  The Sm-Nd model ages were calculated using all available 458

Sm-Nd age data with little consideration for the reliability of the individual isochron 459

measurements.  Recently model ages of ur-KREEP formation of 4402±23 Ma and 460

4478±92 Ma were calculated by Sprung et al., (2013) and Taylor et al., (2009) from Lu-461

Hf systematics determined on breccias enriched in K, REE, and P and from zircons 462

assuming a 176Lu/177Hf ratio for ur-KREEP.  More refined models ages can potentially be 463

obtained using Sm-Nd data selected to meet a high percentage of the reliability criteria,464

and Lu-Hf data obtained on igneous samples with well defined ages and evolutionary 465

histories.466

A Sm-Nd model age for ur-KREEP is presented in Figure 3.  It is calculated using 467

the Sm-Nd isotopic compositions of Mg-and alkali-suite samples enriched in K, REE, 468

and P in conjunction with Sm-Nd data obtained on three KREEP-basalts (Gaffney and 469

Borg, 2013; in press).  All data used in this calculation meet 4/5 or greater of the 470

reliability criteria discussed above.  For samples that have been analyzed in multiple 471

studies (samples 78238, 76535, and 77215), the preferred ages and initial isotopic 472

compositions in Table 1 are used.  The model age is defined, following the approach 473

outlined in Edmunson et al., (2009), by the intersection of the line regressed through the 474

data with the growth curve for a chondritic reservoir calculated assuming 147Sm/144Nd = 475

0.1967 and 143Nd/144Nd = 0.512638 (Jacobsen and Wasserburg, 1980).  The intercept is 476

calculated using IsoPlot 4.15 and defines an age of ur-KREEP formation of 4389±45 Ma477

(MSWD = 1.8).478

Using the same approach Gaffney and Borg (2013; in press) derived a Lu-Hf 479

model age of 4353±37 Ma (MSWD = 0.18) for a subset of the KREEP-rich igneous 480
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samples used to determine the Sm-Nd model age.  In this case, initial Hf isotopic 481

compositions were calculated using whole rock Lu-Hf isotopic measurements and the 482

most reliable Sm-Nd isochron ages in Table 1.  This age is in good agreement with the 483

Lu-Hf model ages determined on breccia samples by Sprung et al. (2013) and Taylor et al 484

(2009), but more accurately reflects an igneous differentiation event because it is based 485

on the analysis of igneous rock samples with comparatively simple geologic histories, 486

well defined crystallization ages, and does not require the 176Lu/177Hf ratio for urKREEP 487

to be assumed.  The 4353±37 Ma model Lu-Hf age is concordant with the Sm-Nd model 488

age for ur-KREEP formation of 4389±45 Ma indicating that these models are likely to489

record a geologic event. The weighted average of the two model ages is 4368±29 Ma 490

and is taken as the best estimate for the formation age of ur-KREEP.  491

The age of last equilibration of the mare basalt source has been estimated using 492

the 146Sm-142Nd isotopic system.  The model age is calculated from the slope of a line 493

regressed through whole rock data on a 147Sm/144Nd-142Nd/144Nd whole rock isochron 494

plot. To calculate a 142Nd model age, the 147Sm/144Nd ratio of the mare basalt sources is 495

plotted against the 142Nd/144Nd to obtain the initial 146Sm/144Sm of the basalt source 496

regions at the time of formation.  The 147Sm/144Nd of the source is calculated from whole 497

rock 143Nd/144Nd ratios assuming three stages of isotopic growth (Nyquist et al., 1995). 498

Note that ages calculated in this manner are not dependent on the assumed initial 499

142Nd/144Nd of the Moon.  Implicit in these models is the assumption that isotopic 500

variation observed in the mare basalt source regions reflects fractionation of Sm from Nd 501

from a common source.  In the context of a magma ocean model, this represents the 502

fractionation of Sm from Nd during the formation of the mare basalt cumulates.  The age 503

recorded in the mare basalts could also record prolonged solidification of late stage 504

magma-ocean cumulates or later re-equilibration of the source regions after their initial 505

formation (McLeod et al., 2014).  Ages of 4329 +40/-56 Ma (Nyquist et al., 1995), 4352 506

+21
/-23 Ma (Rankenburg et al., 2006), 4313 +25/-30 Ma (Boyet and Carlson, 2007), 4340 +20

/-507

24 Ma (Brandon et al., 2009), and 4355 +31/-39 Ma (Gaffney and Borg, 2014) have been 508

determined using this approach.  Ages ranging from 4.34±0.02 Ga to 4.39±0.02 Ga have 509

also been calculated for some Apollo 12 basalts assuming various 142Nd/144Nd ratios for 510

the bulk Moon (McLeod et al., 2014).  These studies yield a weighted average age of 511
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4353±25 Ma for mare basalt source formation that is in good agreement with the average 512

urKREEP model age of 4368±29 Ma.513

514

Zircon ages515

516

Lead-lead ages have been determined by in situ ion microprobe analysis of 517

zircons found in both igneous samples and in breccias.  Although the origin of zircons 518

present in the breccias is unknown, the abundance of this mineral in granites, 519

granophyres, and quartz monzo-diorites suggests that the majority of these zircons are 520

derived from the alkali magmas associated with the Mg-suite.  The large number of ages 521

obtained using this method, relative to the number of ages determined from mineral 522

isochrons on large igneous samples, provides a broader picture of igneous crustal 523

evolution.  Figure 4 is a histogram of published zircon ages.  The ages have been binned 524

into 10 Ma intervals, so that this plot is a representation of ~400 individual spot analyses525

from 19 different rocks.  Although the majority of zircons are from the Apollo 14 and 17 526

landing sites, a few ages have been obtained from zircons from Apollo 12 and 15 landing 527

sites.  As a result, the age distribution is likely to be a reasonable representation of zircon 528

ages from the lunar nearside.  Note, however, that some bias is introduced into the oldest 529

age bins as a result of numerous, repeat, analyses of single zircon grains in the search for 530

the oldest ages.  For example, a single zircon from breccia 72215 was analyzed 41 times, 531

and accounts for most, but not all, of the ages older than 4375 Ma on Figure 4.532

Figure 4 demonstrates that there is a peak of zircon ages at ~4340 Ma.  A detailed 533

analysis of 123 zircon ages from sample 14311 and other unspecified Apollo 14 breccias 534

confirms this distribution pattern (Merle et al., 2013).  A compilation of reported ion 535

microprobe zircon ages from individual breccia samples is presented in Figure 5.  Ages 536

determined from single samples demonstrate substantial ranges.  The simplest 537

interpretation is that this range records an extended period of Mg- and alkali magmatism 538

from ~3.8 to 4.4 Ga.  Although this interpretation is consistent with large differences in 539

ages of the youngest zircons in each sample, the observation that the youngest ages at 540

many sites are ~3.8 to 3.9 Ga suggests a partial resetting of the ages by the late heavy 541

bombardment.  Complex age distributions observed in several individual zircons seem to 542
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support this conclusion.  Thus, the significance of the youngest zircon ages is not clear.  543

In any case, they probably should not be used to constrain the termination of Mg- suite 544

and alkali magmatism in the absence of detailed analysis of the metamorphic history of 545

individual zircon grains.546

The oldest zircon spot ages were measured in samples 14304 (4416±35 Ma), 547

14321 (4404±20 Ma), 15405 (4429±55 Ma), 73235 (4409±13 Ma), and 72215 (4417±6)548

by Meyer et al. (1996), Grange et al. (2009; 2011), Nemchin et al. (2008; 2009a) and 549

Taylor et al. (2009) and are concordant (Figure 6).   The oldest zircon ages are older than 550

almost all of the other seemingly reliable lunar ages, including the model age for the 551

formation of the mare basalt source regions, and the isochron ages determined on the 552

highland rock suites (Figure 6).  Significantly, most are just within analytical uncertainty 553

of the ur-KREEP model age determined from Sm-Nd and Lu-Hf isotopic analyses of the 554

Mg-suite rocks and KREEP basalts.  The only zircon age that is discordant from the ur-555

KREEP model age is from breccia 72215 (Figure 6).  This zircon age is not consistent 556

with their inferred petrogenisis, because zircons are thought to be derived from alkali-rich 557

magmas associated with the Mg-suite and ur-KREEP (Snyder et al., 1995).  Thus, it is 558

not clear how a zircon could be older than ur-KREEP.  If the ages are taken at face value, 559

it seems likely that either the ur-KREEP model age is not recording ur-KREEP formation 560

or the zircon Pb-Pb age is incorrect.  On the other hand, perhaps this simply reflects an 561

underestimation of analytical uncertainties.  The ur-KREEP model age presented here is 562

only 14 Ma younger than the age reported for the zircon in 72215 by Nemchin et al. 563

(2009a).  564

565

566

RAMIFICATIONS567

568

Evaluation of the existing chronology of lunar samples demonstrates that there is 569

little evidence for the presence of truly ancient samples on the Moon.  The apparent 570

absence of ancient lunar samples is consistent with the limited evidence for live short-571

lived nuclides in lunar samples.  Isotopic variations resulting from decay of 182Hf to 182W 572

(t½= 9 Ma) are very small or absent (Kleine et al., 2005; Kleine et al., 2014), and 573
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variation in 142Nd in lunar samples is very small compared to other solar system bodies,574

such as Mars (Harper et al., 1995; Borg et al., 1997, 2003; Foley et al., 2005; Debaille et 575

al., 2007; Caro et al., 2008), the eurcite parent body (Wadhwa and Lugmair, 1996), or the 576

angrite parent body (Lugmair and Galer, 1992; Nyquist et al., 1994).  Instead there 577

appears to be a preponderance of ages recorded on the Moon and on Earth between 4.34 578

and 4.37 Ga (Figure 7).  These include the average ur-KREEP model age (4368±29 Ma), 579

the average mare basalt model age (4353±25 Ma), the most reliably dated FAN 60025 580

(4360±3 Ma), the oldest most reliably dated Mg-suite rock 78236/8 (4349±19 Ma), the 581

peak in lunar zircon ages (4340±20 Ma) and the average spot age of the oldest terrestrial 582

zircon 01JH36-69 (4374±6; Valley et al., 2014).  All of these ages are within uncertainty 583

of one another, with the exception of the terrestrial zircon and the FAN 60025 age which 584

differ by 5 Ma.  Thus, there appears to be a convergence between the ages of the oldest 585

reliably dated lunar crustal rocks, the age of the oldest terrestrial sample, the age of lunar 586

mantle isotopic equilibrium, and the apparent formation age of ur-KREEP at 4.34 to 4.37587

Ga (Figure 7).  The most notable age that does not fit into this age spectrum is the 588

4417±6 Ma age determined on the 72215 zircon (Figure 6) by Nemchin et al. (2009a).  589

There are two scenarios that can account for the 4.34 to 4.37 Ga spectrum of ages 590

observed on the Moon.  The first is mostly consistent with classic petrogenetic models for 591

the differentiation of the Moon that are based on the concept of a global magma ocean592

(e.g., Snyder et al., 1992).  The second scenario requires the Moon to have a more 593

complicated petrogenetic history. These two scenarios are discussed below.594

The simplest explanation for the preponderance of ages between 4.34 to 4.37 Ga 595

is that they reflect the time when a lunar magma ocean passed below the closure 596

temperature of the various chronometers.  In this scenario, ur-KREEP, the mare basalt 597

source regions, and FANs are considered to be primordial solidification products of the 598

lunar magma ocean.  Thus, the average age of ur-KREEP formation, mare basalt source 599

region equilibration, and crystallization of FAN 60025 of 4355±32 Ma is likely to be the 600

best representation of the age of primordial solidification of the Moon through the 601

blocking temperature of the Sm-Nd system.  In order for this scenario to be correct, Mg-602

suite magmatism must be essentially contemporaneous with solidification of the magma 603

ocean and the formation of ur-KREEP, mafic mantle cumulates, and anorthositic crustal 604
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cumulates.  It also requires the oldest ages determined on lunar crustal samples, as well as 605

oldest age determined on lunar zircon 72215, to be in error.  606

An alternative scenario is that the 4.34 to 4.37 Ga event recorded in the lunar 607

crustal samples represents a period of widespread Mg-suite and FAN magmatism on the 608

lunar nearside that followed an earlier planetary scale differentiation event.  One 609

advantage of this scenario is that it provides a mechanism for producing both FAN and 610

Mg-suite lithologies contemporaneously.  Another advantage of this scenario is that the 611

zircon age from breccia 72215 of 4417±6 Ma is not problematic, and simply provides the 612

oldest reliable age for lunar crustal formation.  In this second scenario, ur-KREEP, the 613

mare basalt source regions, and FANs cannot be considered to be primordial 614

solidification products of the lunar magma ocean, and instead must have experienced a 615

more complicated and extended thermal history.  Ferroan anorthosite 60025 would616

represent a magmatic intrusion derived by partial melting of mantle cumulates.  The high 617

calcic plagioclase and low Mg/(Mg+Fe) mafic phases present in the FANs would not 618

necessarily represent a primary feature of a crystallizing lunar magma ocean but instead 619

would reflect partial melting processes occurring in the mantle (Longhi, 2003).  The 620

young ur-KREEP model age could, in principle, reflect late closure of the Sm-Nd and Lu-621

Hf systems due to tidal heating (Elkins-Tanton et al. 2011; McLeod et al., 2014) or 622

internal heat production due to the decay of Th (Wieczorek and Phillips, 2000).  623

Likewise, the young age of equilibrium of the mare basalt source region could result from 624

slow cooling of the mantle associated with these processes, or from reheating after 625

overturn caused by density instabilities inherited from primordial solidification of 626

magma-ocean cumulates.  In any case, isotopic equilibrium between ur-KREEP and the 627

mare basalt source regions must be maintained until ~4.36 Ga in order to preserve their 628

isotopic systematics.  629

The most significant difficulty associated with this scenario is placing it into the 630

context of an earlier global-scale differentiation event.  Specifically, mechanisms are 631

needed that both preserve chemical and mineralogical differences inherited in mantle 632

source regions from primordial magma ocean solidification, while maintaining isotopic 633

equilibrium between these reservoirs for a significant period of time after magma ocean 634

solidification.  Another difficulty with this scenario is that it does not offer an explanation 635



21

for the concordance between the 4.34-4.36 Ga ages of crustal samples with the ur-636

KREEP and mare basalt source model ages of 4.35-4.37 Ga other than coincidence.  If637

this scenario is correct, further development of differentiation models for the Moon are 638

likely to be required.639

640

641

CONCLUSION642

643

The Sm-Nd and Rb-Sr chronology of lunar highlands samples is obscured by 644

metamorphism associated with the late heavy bombardment at ~3.8 Ga that has disturbed 645

the isotopic systems used to define their ages.  Interpretation of published ages is also 646

made more difficult by the fact that, over the past 40 years, laboratories have measured 647

different values for isotopic standards, and used different regression models to calculate 648

ages.  Isotopic data for highland rock samples published in the literature have been re-649

normalized to common standard values and are used to calculate comparable ages and 650

initial isotopic compositions using IsoPlot 4.15.  The reliability of these ages is evaluated 651

using five criteria.  These criteria include whether: (1) ages are confirmed by multiple 652

chronometers, (2) there is limited scatter on isochron plots, (3) the chronometers used to 653

define an age are resistant to disturbance by thermal metamorphism, (4) initial isotopic 654

compositions agree with petrogenetic models developed for the origin of particular rock 655

suites, and (5) abundances of Sm and Nd is mineral separates match those measured in 656

situ by ion microprobe.  This analysis demonstrates that the oldest ages are some of the 657

least reliable and that the most reliable ages determined for lunar crustal rocks are 658

generally less than 4.36 Ga.  Ages between 4.35 and 4.37 Ga age are also recorded by 659

model ages for formation of urKREEP, equilibrium model ages of the mare basalt source 660

regions, a peak in lunar zircon ages, and in the oldest terrestrial zircon age.  There are two 661

scenarios that can account for the widespread occurrence of ages between 4.35 to 4.37 Ga 662

on the Moon.  In the first, this age range represents the closure of the various 663

chronometers during primordial solidification and cooling of the magma ocean.  This 664

scenario is not consistent with the older Pb-Pb ages determined on some lunar zircon 665

cores that are up to 41 Ma older than 4.37 Ga.  An alternative scenario accounts for the 666
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4.35 to 4.37 Ga ages observed in lunar crustal rocks as a result of a widespread pulse of 667

magmatism occurring on the lunar nearside.  This scenario does not provide a mechanism 668

to explain the concordance of ages determined for ur-KREEP formation and mare basalt 669

equilibrium with crustal ages recorded in the crustal rocks of the FAN and Mg-suites.  If 670

this scenario is correct, then petrogenetic models for the differentiation and evolution of 671

the Moon must be further developed.672

673
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Figure Captions.978
979

Figure 1.  Summary of Sm-Nd ages determined on highlands rocks samples.  This system 980
is the most resistant to resetting by thermal metamorphism (Gaffney et al., 2011) so 981
these ages are the most representative of chronology in the lunar highlands.  982
Nevertheless, these data imply that ferroan anorthosite (FAN) and Mg-suite 983
magmatism was contemporaneous for ~ 200 Ma.  Shaded vertical area represents 984
range of ur-KREEP and mare basalt model ages.  Data from Alibert et al., (1994); 985
Borg et al., (1999, 2011, 2013); Brandon et al. (2009); Boyet and Carlson (2007);986
Carlson and Lugmair (1979, 1981a; 1981b; 1988); Carlson et al. (2013); Edmunson 987
et al. (2007; 2009); Lugmair et al. (1976); Nakamura et al. (1976), Norman et al., 988
(2003); Nyquist and Shih (1992); Nyquist et al. (1981, 1995, 2006); Rankenburg et 989
al. (2006); Shih et al. (1993); Snyder et al. (1995).990

991
Figure 2.  Plot of isochron ages determined for highlands rock samples versus reliability 992

index of age determination demonstrating that the oldest ages are some of the least 993
reliable.  Data and references from Table 1.994

995
Figure 3.  Age versus initial Nd isotopic composition determined from Sm-Nd isochrons 996

of highlands rock samples.  The ur-KREEP Sm-Nd model age of 4389±45 Ma is 997
defined by the intersection of a line regressed through age data with a chondritic 998
growth curve.  All age data with reliability indices ≥4/5 that have not been 999
superseded by ages with higher reliability indices are used in the regression with the 1000
exception of sample 67667.  The chondritic growth curve is calculated assuming 1001
147Sm/144Nd = 0.1967 and 143Nd/144Nd = 0.512638 (Jacobsen and Wasserburg, 1002
1980).  1003

1004
Figure 4. Histogram of zircon spot ages determined by ion microprobe.  Ages are divided 1005

into 10 Ma bins.  Note peak in ages at 4335 Ma.  Oldest ages are overrepresented on 1006
this diagram due to numerous (41) analyses of a single zircon from breccia 72215 1007
spanning an age range of 88 Ma.  Data from Grange et al., (2009; 2011), Meyer et 1008
al. (1996), Nemchin et al. (2006; 2008; 2009a; 2009b), Pidgeon et al., (2007), and 1009
Taylor et al. (2009).1010

1011
Figure 5.  Histogram of zircon spot ages with 1 sigma uncertainties demonstrating sharp 1012

termination of zircon ages at ~4.4 Ga.  Data sources same as Figure 4.1013
1014

Figure 6.  Histogram of oldest lunar zircon ages compared to the peak of lunar zircon 1015
ages, model ages for ur-KREEP, model age for the mare basalt source region, and 1016
FAN 60025.1017

1018
Figure 7. Histogram of all ages discussed in the text.  Panel A includes all igneous 1019

crystallization ages colored according to reliability index.  Labeled samples have 1020
been analyzed multiple times. Panel B are ~400 zircon Pb-Pb spot ages determined 1021
by ion microprobe.  Black fill represent spots from single zircon in breccias 72215 1022
analyzed 41 times.  Panel C includes model ages for ur-KREEP from the literature, 1023
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and model ages published for the mare basalt source region.  Dark gray field is 1024
average mare basalt source model age and light gray field represent average ur-1025
KREEP model ages calculated here.  Thick dashed line is represents the age for the 1026
oldest terrestrial zircon 01JH36-69.  Data sources are listed in Figure captions 1 and1027
3 and Table 1 and also include Valley et al. (2014).1028


